Traumatic brain injury (TBI) is associated with neuronal damage or neuronal death in the hippocampus, a region critical for cognitive function. Immature neurons within the hippocampal neurogenic niche are particularly susceptible to TBI. Therapeutic strategies that protect immature hippocampal neurons or enhance posttraumatic neurogenesis may be advantageous for promoting functional recovery after TBI. Insulin-like growth factor-1 (IGF-1) promotes neurogenesis in the adult brain, but its effects on neurogenesis after TBI are unknown. We used an astrocyte-specific conditional IGF-1Yoverexpressing mouse model to supplement IGF-1 in regions of neuronal damage and reactive astrocytosis after controlled cortical impact injury. Although early loss of immature neurons was not significantly attenuated, overexpression of IGF-1 resulted in a marked increase in immature neuron density in the subgranular zone at 10 days after injury. This delayed increase seemed to be driven by enhanced neuron differentiation rather than by increased cellular proliferation. In wild-type mice, dendrites of immature neurons exhibited significant decreases in total length and number of bifurcations at 10 days after injury versus neurons in sham-injured mice. In contrast, the morphology of immature neuron dendrites in brain-injured IGF1Yoverexpressing mice was equivalent to that in sham controls. These data provide compelling evidence that IGF-1 promotes neurogenesis after TBI.
INTRODUCTION
Traumatic brain injury (TBI) is one of the leading causes of death and morbidity in the United States, with an estimated 1.7 million cases each year (1) . Cognitive dysfunction is a common and often debilitating neurobehavioral consequence of TBI (2Y4). Years after TBI, survivors report that cognitive impairment greatly contributes to decreased satisfaction in their quality of life (4) . The presence of hippocampal lesions, as detected by magnetic resonance imaging or in postmortem pathologic studies, supports hippocampal cell loss as a contributing factor in the manifestation of learning and memory impairments after TBI (5Y10).
The controlled cortical impact (CCI) model of contusion brain injury is well characterized and widely used to study neurobehavioral dysfunction and neuron death after TBI (11Y13). Experimental CCI injury results in altered hippocampal long-term potentiation and a decline in cognitive capacities (12, 14Y19) . Within days of CCI, neurons degenerate in multiple regions of the hippocampus, including the granular layer of the dentate gyrus, where many of the degenerating cells have been phenotyped as immature neurons (20Y27).
Newborn neurons are generated throughout adulthood in the subventricular zone and subgranular zone (SGZ) of the brain in humans and rodents (28, 29) . In the dentate gyrus of the hippocampus, newborn neurons migrate from the SGZ into the outer layers of the granular layer and ultimately extend axonal and dendritic processes to integrate into the dentate gyrus circuitry (28, 30) . Newborn neurons play a role in normal cognitive function even in the first week after proliferation, and depletion of the immature neuron population has been linked to impairments in learning and memory (31Y35).
Although CCI results in a marked reduction in the numbers of immature neurons within the SGZ, posttraumatic neurogenesis contributes to the subsequent recovery of newborn neuron numbers in the SGZ in the weeks after CCI (20, 23) . Increased cellular proliferation in the granular layer underlies the expansion of the neurogenic niche and the generation of newborn neurons after focal and diffuse TBI (22, 23, 36Y40) . However, only a portion of the newborn neurons survive and develop into mature granular neurons that functionally incorporate into the granular layer (39, 41) . Administration of therapeutic agents, including growth factors, after brain injury has been shown to increase posttraumatic neurogenesis and to promote recovery of cognitive function in rodent models of TBI (42Y45), suggesting that enhancement of posttraumatic neurogenesis is a promising approach to attenuating learning and memory deficits associated with TBI.
Multiple in vitro and in vivo models have demonstrated that insulin-like growth factor-1 (IGF-1) increases neurogenesis by enhancing cell proliferation, neuronal differentiation of newly proliferated cells, cell survival, and the growth of dendritic processes of newborn neurons (46Y54). However, the efficacy of IGF-1 in promoting neurogenesis in the context of TBI has not been evaluated. To this end, we used an astrocyte-specific conditional IGF-1Yoverexpressing transgenic (IGF TG) mouse (55) in which postnatal overexpression of IGF-1 is linked to glial fibrillary acidic protein (GFAP) expression. Because contusion brain injury stimulates hippocampal astrogliosis accompanied by increased GFAP expression across several days (14, 56) , this construct results in delivery of IGF-1 to the damaged hippocampus for at least 3 days after injury (57) . The effects of elevated IGF-1 brain levels after TBI on the acute survival and subsequent recovery of immature neurons in the dentate gyrus were assessed at 3 and 10 days after CCI. The cell proliferation marker 5-bromo-2-deoxyuridine (BrdU) was used to determine the extent to which immature neuron recovery was attributed to IGF1Ymediated increases in cellular proliferation. Counts of immature neurons were coupled with a detailed examination of dendritic morphology to ascertain whether IGF-1 alters the cytoarchitecture of immature neurons in the injured brain.
MATERIALS AND METHODS

Animals
All experimental procedures were approved by the University of Kentucky Institutional Animal Care and Use Committee in accordance with guidelines established by the National Institutes of Health in the Guide for the Care and Use of Laboratory Animals. Animals were housed (up to 5 mice per cage) in the University of Kentucky Medical Center vivarium with a 14-hour/10-hour light/dark photoperiod and were provided food and water ad libitum. Adult male IGF TG mice and wild-type (WT) littermates aged 8 to 12 weeks and weighing 22 to 30 g were used for all experiments.
The astrocyte-specific conditional overexpression of human IGF-1 in this transgenic mouse model has been previously described (55, 57) . The production of the tetracycline transactivator (tTA) protein is linked to the GFAP promoter in tTA GFAP mice. The transgene for human IGF-1 was inserted into a pTRE plasmid and used to generate IGF-1 pTRE mice. Crossing of tTA GFAP and IGF-1 pTRE mice yields double transgenic mice that carry both transgenes and conditionally express IGF-1 in GFAP-expressing cells. Expression of IGF-1 was suppressed using a Tet-off expression system. Binding of the tetracycline analog doxycycline to tTA protein prevents tTA binding to the tetracycline response element that drives IGF-1 expression. Accordingly, dietary supplementation of the mouse chow with doxycycline (200 mg/kg) was performed to suppress the expression of IGF-1 during the first 4 weeks of postnatal development, thereby minimizing potentially confounding effects of IGF-1 overexpression during postnatal brain development (55) . Wildtype littermates also received doxycycline-supplemented chow. Subsequently, all mice received standard mouse chow for at least 4 weeks before surgical procedures to provide sufficient time for transgene expression.
Controlled Cortical Impact
Mice were anesthetized with 3% isoflurane for preparation of the scalp and for placement of the head in a stereotaxic frame (David Kopf Instruments, Tujunga, CA), where isoflurane anesthesia was maintained via a nose cone for the duration of the surgical procedure. A midline scalp incision was performed, and the skin was reflected to expose the skull. A 5-mm craniotomy was performed on the left hemisphere, centered between bregma and lambda lateral to the sagittal suture, leaving the dura intact. Animals were randomly assigned to receive either sham or CCI injury. Sham-injured mice received anesthesia and only a craniotomy before the cranioplasty and closure of the incision. The CCI injury was completed using a computer-controlled pneumatically driven piston that rapidly impacts the brain (TBI-0310 Impactor; Precision Systems and Instrumentation, Versailles, KY). The CCI injury was induced with a 1-mm-deep, 3.5-m/secondvelocity impact, using a 3-mm-diameter rounded impactor tip as previously described (15) . Impact with these parameters typically results in cortical cavitation through the neocortex with perturbation of the subjacent white matter and regional hippocampal damage, termed as ''severe CCI'' in our previous publications (14, 15, 57) . After injury, a cranioplasty was completed using a small circular disk of dental acrylic adhered to the skull over the craniotomy site. The scalp was sutured, and the mice were placed on a heating pad to maintain normal body temperature. Once ambulatory, the mice were returned to their home cage.
One cohort of mice (4 sham-injured/genotype and 8 brain-injured/genotype) was injected with 50 mg/kg BrdU (Fisher Scientific, Hampton, NH) intraperitoneally 4 hours before perfusion to identify cells proliferating at 3 days after injury. To identify cells proliferating during the first week after injury, we analyzed archived tissue from a second cohort of mice (8 sham-injured/genotype and 13 brain-injured/ genotype) that received daily intraperitoneal BrdU injections (50 mg/kg) beginning 1 hour after injury for 7 days. These mice had been killed 3 days after the last BrdU injection (10 days after injury) to provide sufficient time for newly proliferated, BrdU-labeled cells to differentiate into neurons and to express the immature neuron marker doublecortin (DCX) (58) . This second cohort was generated as part of a published study examining the effects of IGF-1 overexpression on posttraumatic cognitive function and survival of mature hippocampal neurons (57) .
Tissue Collection and Processing
Animals received an overdose of Fatal-plus (65 mg/kg sodium pentobarbital, i.p.) at either 3 or 10 days after injury and were transcardially perfused with heparinized saline followed by 10% neutral buffered formalin. Brains were removed from the skull after 24-hour fixation in 10% neutral buffered formalin, postfixed for an additional 24 hours, cryoprotected in 30% sucrose, and rapidly frozen in j30-C isopentanes. Brains were sectioned coronally at 40 Km using a sliding microtome (Dolby-Jamison, Pottstown, PA). Parallel sets of every tenth section were stored in cryoprotectant solution at j20-C.
Immunohistochemistry
Coronal brain sections selected at 400-Km intervals between j1 and j3.5 mm bregma (59) were immunolabeled using standard free-floating immunohistochemistry protocols. The following primary antibodies were used: anti-DCX (rabbit polyclonal, 1:500; Abcam, Cambridge, MA) to label the microtubule-associated protein expressed in immature neurons; anti-nestin (rabbit polyclonal, 1:200; Covance, Princeton, NJ) to label neural stem cells; and anti-BrdU (rat polyclonal, 1:1000; Abcam) to label proliferating cells. Secondary antibodies were conjugated with Alexa Fluor 488 (1:1000; Invitrogen, Carlsbad, CA) or Cy3 (1:1000; Jackson ImmunoResearch, West Grove, PA). Sections were initially rinsed in Tris-buffered saline (TBS) and treated with 2N HCl (Fisher Scientific) for 1 hour at room temperature to expose the BrdU epitope; this was followed by treatment with 100 mmol/L borate buffer (pH 8.0; Fisher Scientific) for 10 minutes. Sections were rinsed in TBS overnight at 4-C. On the second day, sections were blocked in 5% normal horse serum and 0.1% Triton X-100 in TBS for 30 minutes. Primary antibodies were applied overnight at 4-C. The following day, tissue was rinsed with TBS, incubated with secondary antibodies for 1 hour, rinsed with TBS, incubated with Hoechst (1:10000; Invitrogen) for 1.5 minutes, and rinsed with TBS. Labeled sections were mounted on gelatin-coated slides, coverslipped with Fluoromount (Southern Biotech, Birmingham, AL), and stored at 4-C.
Image Acquisition and Quantification
Representative images used in the figures are maximal intensity projections of images collected as a z-stack (1.5 Km step size) at 20Â magnification using a C2+ TiE Nikon confocal microscope (Nikon, Melville, NY). Numbers of immature neurons (DCX), proliferated cells (BrdU-positive), and newborn neurons (DCX-positive/BrdU-positive) were quantified in the upper and lower blades of the ipsilateral dentate gyrus granular layer (DGGL) of each section (È6 sections per animal). All DCX-positive or BrdU-positive cells were manually counted in the DGGL of each section at 40Â (BX51; Olympus, Center Valley, PA) using a fluorescein isothiocyanate filter (41001; Chroma Technology, Bellow Falls, VT) or a tetramethylrhodamine isothiocyanate filter (31002; Chroma Technology). The incidence of DCX and BrdU colocalization was assessed using a wide-band filter (51004v2; Chroma Technology) that permitted simultaneous viewing of the emissions of both fluorophores of the secondary antibodies. Colocalization was verified by scanning through the z axis to ensure colabeling within each quantified cell. Cell counts were normalized to the volume of the DGGL within each counted section to control for differences in granular DGGL size across sections. The Hoechst-stained DGGL of each quantified section was imaged (AX80; Olympus), and the area was measured using ImagePro (MediaCybernetics, Rockville, MD). The thickness of each section was measured in micrometers using a stereology stage (BX51; Olympus). Density measurements reflect the entire granular layer inclusive of the subgranular, inner, and outer granular layers. For each animal, mean hippocampal cell density was calculated for all quantified sections. To evaluate cell density as a function of proximity to injury, we evaluated the location of each section and assigned the section to a specific bregma level according to the plates in the PaxinosFranklin mouse brain atlas (59) . Sections were then sorted into 1 of 5 bregma intervals spanning approximately 500 Km, with the center bregma level interval (j2.06 to j2.46 mm) representing the epicenter of injury. In the event that 2 sections in a given animal fell within a single bregma interval, an average density measurement was determined for the 2 sections; this single value was used for that interval. Newborn neurons (DCXpositive/BrdU-positive) were also expressed as a percentage of total proliferated cells (BrdU-positive) to illustrate differences in cellular differentiation between the genotypes after injury. Quantification was performed by an investigator blinded to the genotype and injury conditions of each animal.
Scholl Analysis
Images of DCX-immunolabeled hippocampi were acquired as a z-stack (1.5 Km step size) at 20Â magnification using a CKX31 A1 Nikon confocal microscope (Nikon) from a subset of mice randomly selected from the 10-day cohort (6 sham-injured/genotype and 6 brain-injured/genotype). Confocal images were obtained of 8 DCX-positive immature neurons randomly selected from the upper blade of the DGGL of sections at the epicenter of injury (j2.06 to j2.46 mm). 5-Bromo-2-deoxyuridine positivity was not assessed during the random selection of neurons. The neuron was not used if dendritic fibers could not be traced through the confocal zstack images. Dendritic processes of DCX-expressing hippocampal granular neurons were manually traced on maximal intensity projection images created from the z-stacks, and total dendritic length was analyzed using the NeuronJ plug-in for NIH ImageJ, as previously described (27) . The number of FIGURE 1. Insulin-like growth factor-1 overexpression increases immature neuron density in the DGGL after CCI. Representative images of DCX (green) immunoreactivity in the upper blade of the DGGL of sham-injured and brain-injured (A) WT and (B) IGF TG mice at 3 and 10 days after injury. Scale bar = 50 Km. GCL, granular cell layer. (C) Doublecortin-positive cell density in WT mice recovered to sham levels by 10 days after injury. Insulin-like growth factor-1Yoverexpressing transgenic mice exhibited a significant increase in DCX-positive cell density at 10 days after injury (# p G 0.05 compared with all groups). (D) The increase in DCX-positive cell density with IGF-1 overexpression is present across a large rostrocaudal extent of the injured granular layer, presented along the x axis as intervals spanning Bregma coordinates (in millimeters). Data are presented as mean T SEM cell density (1,000 cells/mm 3 ; n = 8 sham-injured/genotype, n = 8 brain-injured/genotype at 3 days after injury, and n = 13 brain-injured/genotype at 10 days after injury). Two-way ANOVA was used for statistical analyses in (C) and at each bregma interval in (D), followed by NewmanKeuls post hoc t-tests, where appropriate. dendritic intersections was quantified for each DCX-positive neuron by a series of concentric circles (10-Km intervals) drawn from the center of the cell body using a Scholl analysis plug-in for NIH ImageJ. All image acquisitions and subsequent analysis were completed by an investigator blinded to the genotype and injury status of each animal.
Statistical Analysis
Data are presented as mean T SEM. Cellular densities and measurements of dendritic morphology were compared using 2-way analysis of variance (ANOVA) followed by NewmanKeuls post hoc t-test, when appropriate. Statistical tests were completed using Statistica (Statsoft Inc, Tulsa, OK). A value of p G 0.05 was considered statistically significant for all tests.
RESULTS
Overexpression of IGF-1 Increases the Density of Hippocampal Immature Neurons After CCI
To examine whether IGF-1 overexpression confers immediate protection to hippocampal immature neurons or affects the recovery of this population, we examined DCX immunolabeling of the DGGL in IGF TG and WT mice at 3 and 10 days after CCI brain injury. Wild-type mice exhibited a marked loss of immunoreactive cells in the upper and lower blades of the granular layer 3 days after CCI, followed by a recovery of DCX immunostaining at 10 days after injury (Fig. 1A) . At 3 days after CCI, IGF TG mice exhibited a qualitatively similar reduction in DCX immunoreactivity consistent with cell loss throughout the upper and lower blades of the granular layer. However, IGF-1 overexpression promoted a notable increase in DCX immunoreactivity at 10 days after CCI, both within individual cells and involving greater numbers of cells in the injured DGGL (Fig. 1B) as compared with the DGGL of sham-injured mice or brain-injured WT mice.
Qualitative observations were confirmed by quantification of the numbers of immature neurons per unit volume of the DGGL. Across the rostrocaudal extent of the impact site, CCI resulted in a 37% reduction in the density of DCXpositive neurons in the DGGL of WT mice at 3 days after injury (25 T 2 Â 1,000 cells/mm 3 ), with a recovery to sham levels (40 T 3 Â 1,000 cells/mm 3 ) by 10 days after injury (40 T 3 Â 1,000 cells/mm 3 ) (Fig. 1C) . Insulin-like growth factor-1 overexpression did not alter basal immature neuron density in sham-injured mice (43 T 7 Â 1,000 cells/mm 3 ) or significantly attenuate the immediately decreased density of DCX-labeled cells at 3 days after injury (33 T 2 Â 1,000 cells/ mm 3 ; 23% decrease vs IGF TG sham). However, at 10 days after injury, brain-injured IGF TG mice exhibited an 86% increase above sham-injured IGF TG mice and a 2-fold increase in immature neuron density (80 T 8 Â 1,000 cells/mm 3 ) versus brain-injured WT mice (# p G 0.05; Fig. 1C ).
To determine whether immature neuron loss varied as a function of proximity to the impact epicenter of injury, we evaluated DCX-positive cell densities along the rostrocaudal extent of the DGGL (j1.06 to j3.4 mm bregma). At 3 days after CCI in WT mice, the greatest reduction in immature neuron density (53% vs sham-injured mice) was observed at the epicenter of impact (j2.06 to j2.46 mm), but reductions in immature neuron density were notable as far as 500 Km rostral or caudal to the epicenter of injury. Maximal immature neuron loss at 3 days also occurred at the epicenter of injury for IGF TG mice, with less injury-induced loss in regions approximately 500 Km rostral and caudal to the epicenter of injury. In WT mice, regions caudal to the epicenter seemed to have somewhat better recovery of DCX-positive cell density at 10 days after injury than those at or rostral to the epicenter. Insulin-like growth factor-1Ymediated enhancement of immature neuron density at 10 days after injury was clearly observed across all but the most rostral region of the hippocampus in brain-injured IGF TG mice (# p G 0.05 compared with all groups within that bregma interval) (Fig. 1D) . (23, 36) . To determine whether IGF-1 overexpression enhances immature neuron density at 10 days after injury by promoting cellular proliferation within the SGZ, we evaluated proliferation using 2 BrdU injection paradigms: 1) a single injection at 3 days after injury, which is a time of peak proliferation (36); and 2) a repeated injection paradigm to capture cumulative proliferation during the first 7 days; this was performed because proliferation is elevated for approximately 1 week after TBI (23, 36) . Immunohistochemical labeling of BrdU-positive cells demonstrated no qualitative differences between the extents of proliferation in the granular layers of WT and IGF TG sham-injured mice in either injection paradigm (Figs. 2A, B) . Although CCI stimulated a 5-fold increase in cellular proliferation within the ipsilateral granular layer mice at 3 days after injury (main effect of injury, p G 0.01), IGF-1 overexpression did not affect early proliferation (Fig. 2C) . The cumulative labeling paradigm using repeated daily BrdU injections for 7 days revealed a 3-fold increase in proliferation during the week after CCI brain injury (main effect of injury, p G 0.01); however, proliferation was not influenced by IGF-1 overexpression (Fig. 2D) . These data suggest that the increased immature neuron density observed in IGF TG mice at 10 days after CCI was not afforded by an IGF-1Ymediated enhancement of cellular proliferation.
Overexpression of IGF-1 Does Not Promote
Cellular Proliferation in the Granular Layer After CCI Controlled cortical impact brain injury results in increased cellular proliferation within the granular layer of the hippocampus within days
Overexpression of IGF-1 Enhances the Generation of Newborn Neurons in the Hippocampus After CCI
New neurons are constantly generated in the hippocampal SGZ throughout adulthood by neuronal differentiation of newly proliferated progenitor cells (28, 60) . To evaluate whether IGF-1 enhances total immature neuron density at 10 days after injury by promoting neuronal differentiation, we assessed DCX and BrdU colocalization to identify the population of immature neurons generated during the week after brain injury. Colocalization of DCX and BrdU was observed in the SGZ, with DCX immunoreactivity in the cell body encapsulating the nucleus containing BrdU-labeled DNA. Insulinlike growth factor-1 overexpression increased the density of FIGURE 3. Insulin-like growth factor-1 overexpression promotes neuronal differentiation of newly proliferated cells in the granular layer after CCI. (A) Representative images of DCX (green) and BrdU (red) immunoreactivity and Hoechst staining (blue) in the granular layer of sham-injured and brain-injured WT and IGF TG mice 10 days after injury. Newborn neurons were identified by colocalization of DCX and BrdU. Scale bar = 100 Km. GCL, granular cell layer. (B) Newborn neuron (DCX-positive/BrdU-positive) density in WT mice after brain injury was similar to that in WT sham-injured mice; however, IGF TG mice exhibited a significant increase in newborn neuron density 10 days after injury (# p G 0.05 vs all other groups). (C) Overexpression of IGF-1 seemed to increase newborn neuron density throughout most of the injured hippocampus (# p G 0.05 vs all other groups classified by bregma interval). (D) After brain injury in WT mice, newborn neurons comprised a much smaller proportion of the total proliferated cells than in sham-injured controls. In IGF TG brain-injured mice, however, there was a greater proportion of proliferated cells that adopted a neuronal phenotype. Data are presented as mean T SEM cell density (1,000 cells/mm 3 ; n = 8 sham-injured/genotype and n = 13 brain-injured/genotype at 10 days after injury). Two-way ANOVA was used for statistical analyses in (B) and (C), followed by Newman-Keuls post hoc t-tests, where appropriate. newborn neurons (main effect of genotype, p G 0.05), but this effect was more pronounced in brain-injured mice (interaction effect, p G 0.05). In sham-injured mice, IGF-1 overexpression elicited only a small increase in the density of newborn neurons (10 T 2 Â 1,000 vs 6 T 1 Â 1,000 cells/mm 3 in WT), which was not statistically significant (Fig. 3B) . In braininjured mice, however, IGF-1 overexpression resulted in a 3.5-fold increase in newborn neuron density (25 T 5 Â 1,000 vs 7 T 1 Â 1,000 cells/mm 3 in WT; # p G 0.005) (Fig. 3B) . Hence, IGF-1 overexpression greatly amplified the rebound in newborn neuron numbers observed by 10 days after injury (Fig. 3A) . Although the density of newborn neurons in the DGGL had recovered to sham levels in WT mice, newborn neurons in brain-injured IGF-1Yoverexpressing mice exceeded levels in IGF TG sham mice by 2.5-fold. When evaluated by proximity to injury as a function of bregma level, the selective increase in newborn neurons in IGF TG brain-injured mice was observed at all but the most rostral region of the hippocampus. When stratified by rostrocaudal location, however, this effect reached statistical significance in only 1 region, just rostral to the epicenter of injury (j1.58 to j1.94 mm) (# p G 0.05 vs all groups within each bregma interval) (Fig. 3C) .
In sham-injured mice, newborn neurons represented close to half of all proliferating cells in the DGGL, with the percentage slightly higher in IGF TG mice (50%) versus WT mice (35%) (Fig. 3D) . Although proliferation is markedly increased after brain injury in WT mice, most trauma-induced hippocampal proliferation seems to involve non-neuronal cells (i.e. newborn neurons represented only È10% of all proliferating cells) (Fig. 3D) . Conversely, overexpression of IGF-1 in brain-injured mice quadrupled the proportion of proliferated cells that became neurons to approximately 42% (Fig. 3D) .
Overexpression of IGF-1 Does Not Deplete Neural Stem Cells in the Hippocampus After CCI
New immature neurons are generated from the proliferation and differentiation of neural stem cells in the neurogenic niche. To examine whether IGF-1Ystimulated differentiation resulted in a rapid depletion of neural stem cells (which might have detrimental effects), we assessed immunoreactivity to nestin, a widely used marker for neural stem cells, in the SGZ at 10 days after injury. In brain-injured WT mice, nestinpositive cells were observed bilaterally in the SGZ, with increased staining in the ipsilateral (injured) hemisphere compared with the contralateral hemisphere (Fig. 4A) . Nestin immunoreactivity was qualitatively similar in brain-injured IGF-1Yoverexpressing mice (Fig. 4B) . These data suggest that IGF-1 overexpression enhances generation of newborn neurons after CCI without depleting the neural stem cell pool within 10 days of brain injury.
Overexpression of IGF-1 Enhances Dendritic Arborization in Hippocampal Immature Neurons After CCI
Although the density of immature neurons recovered to baseline levels in WT mice by 10 days after CCI brain injury (Fig. 1C) , the dendritic arbors of these immature neurons appeared incompletely formed (Fig. 1A) . In contrast, overexpression of IGF-1 promoted greater complexity of the dendritic arbors of DCX-immunolabeled hippocampal neurons at 10 days after CCI (Fig. 1B) . To evaluate the effects of brain injury and IGF-1 overexpression on the dendritic complexity of newborn neurons systematically, we traced the dendrites of single DCX-positive neurons using NeuronJ. Compared with the typical dendritic morphology exhibited by immature neurons in sham-injured mice, the dendritic arbor of DCX-positive labeled cells located within the SGZ of WT mice at 10 days after injury appeared stunted (Figs. 5A, B) , whereas those of IGF TG mice appeared more normal. Quantification of the length of the dendritic processes of DCX-positive neurons within the granular layer revealed a significant reduction in the total length of the dendritic processes of brain-injured WT mice (143 T 8 Km) versus shaminjured WT mice (305 T 21 Km; * p G 0.005) (Fig. 5C) . However, brain-injured IGF TG mice had immature neuron dendrites with a total length (292 T18 Km) significantly greater than those of brain-injured WT mice (# p G 0.001) but equivalent to those of either sham-injured WT mice or IGF TG mice (346 T 16 Km). The complexity of the dendritic arbor was assayed by quantifying dendritic bifurcations as a function of distance from the soma using Scholl analysis. The number of dendritic intersections on concentric shells emanating from the cell body was not different between WT and IGF TG sham-injured mice (Fig. 5D ). Brain injury in WT mice induced a pronounced reduction in the number of intersections and early termination of the dendritic arbor (* p G 0.001 vs sham injury) (Fig. 5D ). Brain-injured IGF TG mice exhibited a complexity of dendritic arborization similar to that of sham-injured IGF TG mice and significantly increased compared with that of brain-injured WT mice (# p G 0.001; Fig. 5D ). These data demonstrate that IGF-1 overexpression restores immature neuron dendritic morphology after CCI.
DISCUSSION
In this study, a conditional astrocyte-specific IGF TG mouse model was used to increase IGF-1 levels in regions of enhanced GFAP expression after CCI. Astrocytes become reactive and increase GFAP production in the dentate gyrus within 24 hours of CCI (14, 56, 57) . We previously showed that, in astrocyte-specific IGF-1Yoverexpressing mice, reactive astrocytosis drives increased expression of IGF-1 in the injured hippocampus at 24 hours, with further increases at 72 hours after CCI (57) . Here, we demonstrate that although IGF-1 overexpression did not reduce acute immature neuron loss in the dentate gyrus of the hippocampus after TBI, it markedly increased posttraumatic neurogenesis by enhancing neuronal differentiation rather than cellular proliferation. We also present novel findings highlighting that TBI leads to a reduction in immature neuron dendritic arborization and that overexpression of IGF-1 restores dendrites to a normally appearing morphology.
In our earlier work, we demonstrated that astrocytedriven overexpression of IGF-1 protected against acute hippocampal neuron degeneration in the dentate gyrus, CA3, and CA1, yielding improved survival of mature (NeuN-positive) neurons at 10 days after injury (57) . Here, we evaluated whether these protective effects of IGF-1 extended to immature hippocampal neurons. Several studies demonstrated that immature neurons are selectively vulnerable to contusive trauma and that, consequently, immature neuron density is markedly reduced in the days after CCI (20, 22, 23) . Consistent with these studies, we observed a 35% reduction in the numbers of DCX-positive cells in the injured granular layer at 3 days after CCI. Insulin-like growth factor-1 overexpression seemed to have only a small effect on early immature neuron loss, increasing DCX-positive cell density by approximately 30% compared with WT mice, an effect that was not statistically significant. In our previous study, we showed that IGF-1 overexpression reduced the numbers of Fluoro-JadeYpositive cells in the dentate gyrus at 3 days after either moderate (0.5 mm) or severe (1 mm) CCI (57) . Fluoro-Jade staining has been reported to localize to immature neurons to a much greater extent than to mature neurons after moderate CCI brain injury (22, 26) . Therefore, reductions in FluoroJadeYpositive neurons in the injured dentate gyrus with IGF-1 overexpression could contribute to the small increase in DCX-positive cells in IGF TG mice at 3 days after injury. Alternatively, IGF-1 may be more effective in protecting mature versus immature neurons after CCI brain injury.
To understand immature neuron loss relative to proximity to the primary impact injury, we analyzed the density of immature neurons as a function of bregma level. The epicenter of injury exhibited the greatest reduction in immature neuron density with observable reductions at least 500 Km from the epicenter of injury. Overexpression of IGF-1 enhanced newborn neuron density throughout the granular layer and not only at the epicenter of injury. To the best of our knowledge, this is the first study to evaluate hippocampal immature neuron loss as a function of proximity to impact. These data demonstrate the need for studies to incorporate a methodology for quantification of posttraumatic neurogenesis throughout the entire DGGL and not restrict quantification to the site of maximal injury.
Controlled cortical impact brain injury results in an initial reduction in the numbers of immature neurons within the DGGL, which is followed by an endogenous self-renewal process that increases neural progenitor proliferation to produce a gradual recovery of the number of immature neurons to preinjury levels (20, 23) . Although IGF-1 overexpression did not have a robust effect on protecting immature neurons from early death, it greatly enhanced the recovery of immature neurons at 10 days after injury. Brain injury induces the proliferation of glial cells and progenitor cells within the dentate gyrus during the first week after brain injury (23, 36, 38, 42 , Insulin-like growth factor-1Yoverexpressing mice exhibited similar numbers of dendritic arbor bifurcations as IGF-1 sham-injured mice and were significantly increased compared with WT brain-injured mice (p G 0.001). Data are presented as mean T SEM (n = 6 sham-injured/genotype and n = 6 brain-injured/genotype). Scale bar = 50 Km. 61, 62) . Posttraumatic proliferation of progenitor cells can be enhanced with the administration of growth factors, including vascular endothelial growth factor, basic fibroblast growth factor, and epidermal growth factor (42, 63Y65). Insulin-like growth factor-1 promotes proliferation of cultured neural stems cells (47, 48, 66) and increases the proliferation of neural progenitor cells in the granular layer of the hippocampus in hypophysectomized rats and in rodent models of exercise and stroke (49, 67Y69) . However, in the current study, we did not observe an IGF-1Ymediated enhancement of cellular proliferation at 3 or 10 days after injury. This may suggest a difference in the responsiveness of progenitor or glial cells to IGF-1 after TBI compared with other methods of experimentally stimulated neurogenesis. In a study of aged rats, central administration of IGF-1 increased the numbers of BrdU-positive cells in the hilus and in a portion of the SGZ, but not in the DGGL (70) . Our study did not assess proliferation exclusively in the SGZ but instead total proliferation in the DGGL, including the SGZ, inner, and outer layers of the granular layer. Although changes in cellular proliferation between subregions may indicate small localized changes in cellular proliferation, the present study focused on changes in cellular proliferation throughout the entire granular layer.
The capacity for replenishing hippocampal neurons lost after brain injury is limited because only a portion of newly proliferated cells will adopt a neuronal phenotype after CCI (23) . Several studies have demonstrated that posttraumatic neurogenesis can be enhanced with therapeutic agents and growth factors, including S100B, erythropoietin, fluoxetine, vascular endothelial growth factor, and basic fibroblast growth factor (42Y44, 65, 71). Insulin-like growth factor-1 is a potent promoter of physiologic neurogenesis, driving neuronal differentiation of newly proliferated cells in the adult hippocampus (47Y49). Conversely, blocking the uptake of serum IGF-1 into the brain abolishes exercise-induced increases in neurogenesis (72) . In the current study, IGF-1 enhanced the density of DCX-positive/BrdU-positive cells without stimulating posttraumatic cellular proliferation, suggesting that IGF-1 overexpression promoted a greater proportion of newly proliferated cells to adopt a neuronal phenotype after brain injury. This increase in neuronal differentiation did not seem to result in an early depletion of the neural stem cell pool. Our observations are consistent with a previous report showing that systemic administration of IGF-1 in hypophysectomized rats increased the generation of new neurons but did not promote the generation of astrocytes in the DGGL (49) . Similarly, postischemic viral delivery of IGF-1 in mice resulted in more newborn neurons generated in the weeks after middle cerebral artery occlusion (73) .
Our present findings strongly suggest that overexpression of IGF-1 promoted the generation of newborn immature neurons by promoting neuronal differentiation of newly proliferated cells after injury. However, increased survival of newly generated neurons in the days after CCI may also contribute to the increased number of newborn neurons observed in IGF1Yoverexpressing mice at 10 days after injury. To determine whether IGF-1 promotes the survival of new neurons generated between 3 and 10 days after injury, additional work needs to evaluate cell survival using markers of neurodegeneration, apoptosis, and necrosis in the posttraumatic immature neuron recovery phase after CCI. Future studies will need to examine the effects of IGF-1 on the maturation, survival, and integration of newborn neurons and to determine whether early stimulation of neuronal differentiation leads to eventual depletion of the stem cell pool in the hippocampal neurogenic niche. Although only a small fraction of newborn neurons generated after brain injury are thought to develop into mature granular neurons and functionally incorporate, these newborn neurons may contribute to delayed improvements in cognitive function (39) , suggesting that therapies that increase the number of immature neurons generated after brain injury may promote cognitive recovery. Supraphysiologic increases in the numbers of immature neurons are sufficient to improve cognition, as assessed by a contextual pattern separation task (74) . In the present study, IGF-1 overexpression resulted in an increase in the density of immature neurons above that observed in sham-injured mice at 10 days after injury. This same cohort of IGF TG mice was previously shown to have improved memory at 7 days after 1-mm-deep CCI (57) . Although the observation of improved cognitive function may be related to sparing of mature neurons (57), a contribution from IGF-1Ymediated enhancement of posttraumatic neurogenesis cannot be ruled out.
Despite the recovery of immature neuron density in WT mice at 10 days after injury, we demonstrate that the immature neurons in the injured granular layer of WT mice exhibit significant reductions in total dendrite length and arbor complexity after CCI. Recent studies highlight that brain injury results in damage to the dendritic processes of neocortical and mature hippocampal granular neurons after CCI (75, 76) , but changes in immature neuron dendritic morphology after brain injury have not been reported.
There are two possible explanations for the IGF1Ymediated restoration of dendritic arbor complexity observed after CCI. Insulin-like growth factor-1 might protect against injury-induced damage to immature neuron dendritic processes or promote the more complete formation of dendritic arbors of immature neurons during the processes of neuronal differentiation and maturation. At 3 days after CCI, both WT-overexpressing and IGF-1Yoverexpressing mice exhibited a visible reduction in dendritic arbor complexity, suggesting that IGF-1 did not protect against an injuryinduced reduction in dendritic process complexity. Alternatively, overexpression of IGF-1 may enhance the growth of dendritic arbors in newly generated immature neurons after brain injury. Reductions in endogenous IGF-1 levels are associated with reduced dendritic growth and branching (53) . Conversely, IGF-1 stimulates dendritic growth and enhances branching of pyramidal neurons in organotypic primary cortical slice cultures and neurite outgrowth in dissociated neurons (46, 77) . Knockout of PTEN (phosphatase and tensin homolog on chromosome 10), the negative regulator of phosphatidylinositol-3-kinase signaling, results in prolonged Akt activation and produces immature granular neurons with elongated dendrites and increased arborization (78) . Taken together, these studies suggest that the re-establishment of normally appearing dendritic morphology in IGF1Yoverexpressing brain-injured mice may be the result of enhanced dendritic growth within newborn neurons.
Reductions in mature neuron dendritic arbor complexity and synaptic spine density may contribute to reduced excitability of dentate gyrus granule neurons after CCI (76) . Consequently, restoration of dendritic morphology in immature neurons of IGF-1Yoverexpressing mice could influence recovery of function in the hippocampus after TBI. Recently, it was shown that intracerebroventricular infusion of IGF-1 resulted in a qualitative increase in DCX-positive dendritic processes of immature neurons in the DGGL after excitotoxic injury induced by kainic acid (52) . This report corroborates our findings and supports the premise that treatment with IGF-1 promotes postinjury plasticity in multiple models of neurodegeneration.
The use of the astrocyte-specific conditional IGF-1Y overexpressing mouse model affords supplementation of IGF-1 in the injured hippocampus during the first several days after injury (57) . Although these studies provide an important proof of concept, additional work is necessary to determine the time course of IGF-1 increases in this model and whether astrocytespecific expression is necessary to elicit these neurogenic effects. An astrocyte-specific IGF-1 supplementation approach could be mimicked through gene therapy techniques. Alternatively, future studies could evaluate similar outcomes using systemic or central supplementation of IGF-1.
In summary, we have demonstrated that targeted overexpression of IGF-1 did not substantially attenuate early loss of hippocampal immature neurons in the granular layer of the hippocampus after CCI brain injury but instead promoted a robust recovery of the immature neuron population by enhancing neuronal differentiation of hippocampal progenitors. We have also shown for the first time that IGF-1 overexpression promotes a more complete recovery of the dendritic arbor of newborn neurons after brain injury. This study provides additional evidence for IGF-1 as a promising therapeutic agent that promotes posttraumatic neurogenesis and structural plasticity in the hippocampus after experimental TBI.
